A companion article explored how solar reflectance varies with surface orientation and solar position, and found that clear-sky air mass 1 global horizontal (AM1GH) solar reflectance is a preferred quantity for estimating solar heat gain. In this study we show that AM1GH solar reflectance R g,0 can be accurately measured with a pyranometer, a solar spectrophotometer, or an updated version of the Solar Spectrum Reflectometer (version 6). Of primary concern are errors that result from variations in the spectral and angular distributions of incident sunlight. A solar spectrophotometer can be used to determine R * g,0 , a solar reflectance computed by averaging solar spectral reflectance weighted with AM1GH solar spectral irradiance. Neglecting instrument errors, R * g,0 matches R g,0 to within 0.006. The air mass 1.5 solar reflectance measured with version 5 of the Solar Spectrum Reflectometer can differ from R * g,0 by as much as 0.08, but the AM1GH output of version 6 of this instrument matches R * g,0 to within about 0.01.
Introduction
In Part I of this study [1] we defined clear-sky air mass 1 global horizontal (AM1GH) solar reflectance R g,0 , a metric that can be used to accurately estimate the solar heat gain of an opaque surface. Here in Part II we consider the measurement of R g,0 with each of three instruments: a pyranometer, a solar spectrophotometer and a Solar Spectrum Reflectometer. Of primary concern are errors that result from variations in the spectral and angular distributions of incident sunlight.
Conventional pyranometer technique (method E1918)
Global solar reflectance R g can be measured with a pyranometer (solar radiation meter) by facing its sensor directly away from the target surface to measure incident global solar irradiance I i , then directly toward the target surface to measure reflected global solar irradiance I r . If preferred, I i and I r can also be measured simultaneously with back-to-back pyranometers. ASTM E1918-06 This simple technique requires only a portable, relatively inexpensive instrument and applies equally well to flat and curved surfaces. However, there are some restrictions. First, the sky must be clear, particularly around the sun. Haze or cloudiness can change the spectral power distribution of sunlight, and the passage of a cloud across the sun can lead to serious error.
Second, the spectral distribution of I i and the incidence angle θ of the solar beam both vary with hour of day and day of year. This can limit the daily time window during which R E1918 ≈ R g,0 . For example, method E1918 requires that z < 45 • . At a mid-U.S. latitude of 35 • N, this condition would be met from about 09:00 to 15:00 local standard time (LST) on June 21 (the summer solstice); about 10:00 to 14:00 LST on March 21 (the spring equinox) and September 21 (the autumn equinox);
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Third, the target must be large to ensure that nearly all reflected radiation collected by the downward-facing sensor comes from the target, rather than its surroundings. If a 3 cm diameter sensor is placed 50 cm above the center of a circular target, the target's diameter φ must be 3 m to yield a sensor-to-surface view factor F of 0.90; 4.4 m, for F = 0.95; or 10 m, for F = 0.99 [3] .
Thus when a φ=3 m white target of R g = 0.80 is surrounded by a gray background of global solar reflectance 0.20, the presence of the gray background will yield R E1918 = 0.74, underestimating R g by 0.06. If the target were instead black with R g = 0.05, the presence of the gray background would yield R E1918 = 0.065, overestimating R g by 0.015. The need for a large target makes the method well suited to characterize roofs, pavements, lawns and other extensive surfaces, but inconvenient to apply to small samples like product prototypes or exposure coupons.
Fourth, this technique will always slightly underestimate R g because the shadows cast by the pyranometer and its support reduce I r . However, this error can be fairly small if the support is designed to cast a minimal shadow. For example, consider a pyranometer 50 cm above the surface that casts a 15 cm diameter shadow concentric with its sensor when the sun is at zenith. The sensor-to-shadow view factor will be 0.022. If 89% of the incident sunlight is beam radiation, shadow error will yield R E1918 = 0.98 × R g . Thus in the absence of background errors, R g = 0.80
(white) will yield R E1918 = 0.784, while R g = 0.05 (black) will yield R E1918 = 0.049.
Fifth, we note that pyranometer responsivity (signal/irradiance) is a strong function of the angle of incidence. Modern calibration methods model responsivity as function of this angle rather than as a fixed value [4] .
A pyranometer can also be used to estimate R g of an in-place pitched surface. The beam will be normal to the surface (θ = 0) when the surface tilt angle Σ = z and the surface solar azimuth angle γ = 0. When θ = 0, |R g − R g,0 | will not exceed 0. Thus, neglecting background, shadow and instrument errors, |R E1918 − R g,0 | will not exceed 0.01
for slopes of up to 5:12, and not exceed 0.02 for slopes up to 12:12, so long as Σ = z and |γ| ≤ 60 • .
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Alternative pyranometer technique (method E1918A)
We have developed an alternative pyranometer-based technique that can estimate R g of a diffusely reflective surface as small as 1 m in diameter. In this non-ASTM method "E1918A" [5] , the pyranometer sensor is faced directly toward the target surface for three sequential measurements of I r . In the first configuration (j=1), the target is exactly covered with a solar-opaque white mask of high global solar reflectance R g,white . In the second configuration (j=2), the target is exactly covered with a solar-opaque black mask of low global solar reflectance R g,black . In the third configuration (j=3), the surface is uncovered. Each I r,j is proportional to the sum of the view-factor-weighted global solar reflectances of the target or mask and its surroundings. If I i is constant, target R g can be interpolated from R g,black and R g,white . That is,
Each mask should ideally be a nonselective and diffuse reflector to minimize the variation of its reflectance with solar position.
Like E1918, method E1918A uses a portable, relatively inexpensive instrument and applies equally well to flat and curved surfaces. Each technique requires a clear sky and a solar position that yields θ < 45 • . However, method 1918A can be applied to much smaller targets because the only component of I r that changes over the course of the three measurements is that reflected from the target or mask. In theory, the target can be vanishingly small. In practice, reducing the target diameter φ decreases the sensor-to-target view factor F , making R E1918A more sensitive to errors in measurement of I r . For example, consider the use of masks with R g,black = 0.05 and R g,white = 0.80. If I i =1000 W m −2 , the white-black difference in reflected irradiance ∆I r ≡ I r,1 −I r,2
will be 600 W m −2 for φ=2 m (F =0.8); 375 W m −2 for φ=1 m (F =0.5); or 150 W m −2 for φ=0.5 m (F =0.2). A 10 W m −2 uncertainty in measurement of I r would represent 1.7%, 2.7% or 6.7% of these three values of ∆I r . We compromise between accuracy and convenience by recommending a minimum target diameter of about 1 m.
The presence of the pyranometer's shadow on the target will cause little to no error in measurement of R E1918A . If R g , R g,black and R g,white do not change when the target is moved from full sun
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In method 1918A, one can also position the pyranometer to move its shadow off the target.
This will eliminate shadow error but reduce F . The distance by which the vertical axis of the pyranometer must be offset from the vertical axis of the target, and the consequent reduction in F , depends on z. Consider a 15-cm diameter pyranometer with a 3-cm diameter sensor placed 50 cm above a 1-m diameter concentric target. F in this zero-offset configuration is 0.50. When z = 30 • , the pyranometer must be horizontally offset 29 cm to move its shadow off the target, reducing F to 0.42. When z = 0, the offset must about 58 cm, reducing F to 0.22. With these view factors of 0.50, 0.42 and 0.22, a 10 W m −2 uncertainty in measurement of I r would represent 2.7%, 3.2%, or 6.1% of ∆I r .
Solar spectrophotometer (method E903)
A solar spectrophotometer illuminates a surface with monochromatic light at near-normal incidence and measures light reflected into an integrating sphere. A series of such measurements at wavelengths spanning the solar spectrum (300 -2500 nm) yields the surface's near-normal beamhemispherical solar spectral reflectance r b,nn (λ). While wavelength spacing is arbitrary, we find measuring solar spectral reflectance at a 5 nm interval sufficient to capture the spectral details of most surfaces.
A properly calibrated solar spectrophotometer can accurately measure r b,nn (λ), but there are several limits to its use. First, the beam typically illuminates only about 10 mm 2 of the sample.
Since each solar spectral reflectance measurement series can take several minutes, this instrument is most convenient to apply to a spatially uniform sample that can be characterized by a single measurement series. Second, the beam angle is typically fixed near normal (θ ≈ 8 • ), making it difficult to measure reflectance at far-from-normal incidence. Third, the sample must be flat,
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Solar reflectance can be computed as the mean of solar spectral reflectance weighted by solar spectral irradiance. We showed in Part I of this study that (a) r b,nn (λ) at θ = 8 • equals normalincidence beam-hemispherical solar spectral reflectance r b,n (λ) to within 10 −5 ; (b) averaging r b,n (λ)
weighted by normal-incidence beam solar spectral irradiance ("direct-normal" solar spectral irradiance) i b,n (λ) yields normal-incidence beam-hemispherical solar reflectance R b,n , also known as direct-normal solar reflectance; and (c) averaging r b,n (λ) weighted by AM1GH solar spectral irradiance i g,0 (λ) yields a metric R * g,0 that approximates R g,0 to within 0.006. ance on a horizontal surface will decline more rapidly with increasing air mass than that incident on a sun-tracking surface, the air mass splitting the annual beam normal solar energy received by a horizontal surface will be less than 1.5.
Third, since E903 solar spectral reflectance is measured at near-normal incidence, it should be weighted by near-normal solar spectral irradiance to calculate solar reflectance at near-normal incidence. Calculating the global solar reflectance of a horizontal surface from r b,nn (λ) requires weighting the reflectance with i g (λ) evaluated near zenith (near air mass 1). At air mass 1.5, the solar beam is near-normal only to a sun-facing surface tilted about 48 • from horizontal. Therefore, we recommend reserving the use of an air mass 1.5 beam-normal solar spectral irradiance for its intended purpose-estimating the annual energy output of a solar concentrator.
1 Say unconcentrated global sunlight of irradiance I1=1 kW m −2 is about 90% beam (0.9 kW m −2 ) and 10% diffuse (0.1 kW m −2 ). Then concentration to 10 suns (I10 = 10 × I1 = 10 kW m −2 ) through the addition of focused beam sunlight will yield an irradiance that is about 99% beam (9.9 kW m −2 ) and 1% diffuse (0.1 kW m −2 ). Similarly, concentration to 100 suns (I100 = 100 × I1 = 100 kW m −2 ) will yield an irradiance that is about 99.9% beam (99.9 kW m −2 ) and 0.1% diffuse (0.1 kW m −2 ).
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Fourth, E903 specifies that terrestrial solar reflectance is to be calculated using a "50-point selected ordinate method" in which the solar irradiance distribution is divided into n wavelength intervals each containing 1/n of the total irradiance. Solar reflectance is then computed as the mean of the spectral reflectances at the interval centroids. If one measures solar spectral reflectance at fixed intervals (e.g., 300 to 2500 nm at a 5 nm interval) to capture spectral features, it is more straightforward to calculate solar reflectance by weighting the fixed-interval solar spectral reflectance with solar spectral irradiance evaluated at the same wavelengths. E903 specifies this "weighted ordinate method" only for computing extraterrestrial solar reflectance. We suggest that both selected and weighted ordinate methods should be allowed. We address these concerns by defining non-ASTM method "E903G" (E903 Global) for using a solar spectrophotometer equipped with an integrating sphere to determine r b,nn (λ) and R * g,0 . In E903G, one follows method E903 to measure r b,nn (λ) over the solar spectrum (300 to 2500 nm) at a 5 nm interval. R * g,0 is then calculated by averaging r b,nn (λ) weighted by i g,0 (λ). We tabulate
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It was shown in Part I that R * g,0 will exactly match R g,0 if a surface is matte, and slightly underestimate R g,0 if the surface is glossy. This underestimation will not exceed 0.006 for a surface of typical real refractive index 1.5. Hence, we seek to include the E903G procedure for computing AM1GH solar reflectance in the next revision to E903.
In future work, goniophotometric measurements of bi-directional solar spectral reflectance [17] could be used to examine the relationship between near-normal and hemispherical reflectances.
Solar Spectrum Reflectometer (method C1549)
The diffuse-directional spectral reflectance of a surface is equal to its directional-hemispherical In the SSR, the diffuse light source is a white chamber illuminated by a tungsten lamp. The surface to be characterized is placed at a 2.5 cm diameter aperture in the chamber wall where it is shielded from the lamp by a baffle. Four separate detectors view light reflected from the surface through a shared collimating tube angled 20 • from the surface's normal. Each detector is a silicon or lead sulfide light sensor covered with a set of spectrally selective light filters. The spectral response of each detector to the spectral reflectance of the surface is equal to the product of the spectral radiosity of the lamp, the spectral reflectance of the chamber wall, the spectral transmittance of its filter set and the spectral sensitivity of its sensor. Standards of known reflectance are used to correct for drifts in response that can result from aging or soiling of the apparatus. The four detectors are named L1 (IR), L2 (Red), L3 (Blue), and L4 (UV), where each parenthetical description roughly locates the peak of the detector's spectral response. (The IR peak is in the near infrared, rather than in the thermal infrared.)
Since diffuse-near normal spectral reflectance equals r b,nn (λ), the signal Y j returned by detector j is the integral over all wavelengths λ of the product of r b,nn (λ) and the detector's spectral response
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It can be shown that when the four detector reflectances D j are totaled with weights c j = Each solar spectral response g(λ) was designed to make its power fractions in five spectral bands (B1, 300 -400 nm; B2, 400 -600 nm; B3, 600 -900 nm; B4, 900 -1400 nm; and B5, 1400 -2500 nm) closely match those in the solar spectral irradiance i(λ) being approximated [21] . However, an investigation by the manufacturer and Berkeley Lab has revealed that the L2 (Red) detector in SSRv5 is more responsive to NIR light than intended. This makes the SSRv5's actual solar spectral responses more NIR sensitive than intended. To illustrate, Figure 5 compares the nominal and actual SSRv5 AM1.5 solar spectral responses to i E891BN (λ) [22] . Each band power fraction in the nominal g(λ) SSRv5 AM1.5 nom matches that in i E891BN (λ) to within 0.8% (absolute).
However, band power fractions in the actual g(λ) differ from those in the i E891BN (λ) by as much as 4.3% (absolute). In particular, the B3 (600 -900 nm) and B4 (900 -1400 nm) fractions are 0.9% and 4.3% high (absolute), while the B2 (400 -600 nm) fraction is 2.3% low (absolute). This tends to make the SSRv5 AM1.5 solar reflectance of a cool color-a surface whose NIR reflectance exceeds its visible reflectance-higher than intended.
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We describe the amount by which a surface's E903 AM1GH near-infrared reflectance N exceeds its E903G AM1GH visible reflectance V as its "selectance," σ = N −V . Selectance can theoretically range from -1 to +1, though we do not expect σ to reach either extreme. Conventionally colored surfaces usually have σ near zero (about -0.1 to +0.1), while cool colors tend to have σ much greater than zero (about +0.1 to +0.6 for most cool colors, and up to about +0.85 for a high-performance cool black). One can also create a surface with σ as low as about -0.2 by using a pigment, such as titanium dioxide rutile white, that when incorporated in a coating exhibits exceptionally strong visible backscattering.
We compiled a set of 125 samples with which to compare reflectometer solar reflectances to spectrophotometer solar reflectances. This reference set includes
• 103 glazed, mostly cool-colored ceramic tiles (shades of blue, green, yellow, orange, red, gray, and brown; σ = +0.08 to +0.56) and one unglazed ceramic tile (white; σ = +0.07) supplied by the Ferro Corporation;
• seven conventionally colored (black, blue, dark green, light green, red and gray; σ = +0.01 to +0.13) and seven visually matched cool-colored (σ = +0.23 to +0.35) factory-coated metal panels supplied by BASF Industrial Coatings; and
• one nonselective black (iron-oxide black, σ = 0.00) and six "warm" gray (iron-oxide black tinted with titanium dioxide rutile white; σ = -0.04 to -0.14) hand-painted metal panels prepared by Berkeley Lab.
The solar spectral reflectance r b,nn (λ) of each sample was measured at Berkeley Lab with a PerkinElmer Lambda 900 UV/VIS/NIR spectrophotometer equipped with a 150-mm Labsphere integrating sphere. Spectral reflectances were measured from 300 to 2500 nm in 5 nm steps. The selectance distribution of the reference set is shown in Figure 6 . Figure 7 illustrates the increase with σ of the amount by which the solar reflectance expected from the actual SSRv5 AM1.5 g(λ) exceeds that expected from the nominal SSRv5 AM1.5 g(λ).
For a cool color with σ=+0.4, this difference is about +0.01. However, the absolute accuracy with which solar reflectance expected from the actual SSRv5 AM1.5 g(λ) matches E903 E891BN solar reflectance ( Figure 8 ) is comparable to that which solar reflectance expected from the nominal
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SSRv5 AM1.5 g(λ) matches E903 E891BN solar reflectance ( Figure 9 ). That is, solar reflectances expected from the actual g(λ) tend to slightly overpredict E903 E891BN solar reflectance, while those expected from the nominal g(λ) tend to slightly underpredict E903 E891BN solar reflectance. The performance of this unit (#137) happens to be quite close to that expected from the actual SSRv5 AM1.5 g(λ) (Figure 11 ). However, the SSRv5 solar reflectance of a selective sample can vary significantly from instrument to instrument. Figure 12 shows the σ distribution of the seven conventionally colored and seven cool colored factory-coated metal panels in the reference set. In a round-robin comparison led by Berkeley Lab, the reflectances of these 14 metal panels were measured with eight different SSRv5 instruments.
Some instruments ran cool, yielding for surfaces with high σ an SSRv5 AM1.5 solar reflectance higher than that expected from the actual SSRv5 AM1.5 spectral response, while others ran warm, yielding for surfaces with high σ an SSRv5 AM1.5 solar reflectance lower than that expected (Figure 13 ).
Excluding some outliers for instrument #087 that the manufacturer attributes to an intermittent firmware error, the difference ∆S between measured and expected values of SSRv5 AM1.5 solar reflectance for the round-robin sample set ranged from about -0.010 to +0.015. We expect that the difference range would be greater if the round-robin set included samples with selectance greater than +0.35. For example, the linear fits of ∆S to σ shown in Figure 13 indicate that the difference could be as great as -0.015 to +0.025 for a cool colored surface with σ=+0.6. This suggests that any bias in SSRv5 AM1.5 solar reflectance induced by prior mischaracterization of the L2 sensor response could easily be masked in an instrument that runs warm.
Of greater concern when using the SSRv5 to measure the solar reflectance of anything other than the receiver of a solar concentrator is the mismatch between the SSRv5 AM1.5 g(λ) and i g,0 (λ) (Figure 14 ). This discrepancy stems largely from the difference between the shape of the 58%-NIR E891BN g(λ) and that of the 48%-NIR AM1GH i(λ) (Figure 4 ). Compared to i g,0 (λ), the B3 (600 -900 nm) and B4 (900 -1400 nm) band power fractions of the SSRv5 AM1.5 g(λ) are 3.7% and 8.3% high (absolute), while the B1 (300 -400 nm) and B2 (400 -600 nm) fractions are 3.9% and 8.3% low (absolute). Figure 15 plots for the full reference set the variation with σ of the amount
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It is also possible to estimate the seven new solar reflectances AM1GH, AM1BN, AM1DH, AM0BN, G173GT, G173BN and E891BN with SSRv5 if version 6 is not available. In this approach, one sums the version 5 detector reflectances L1v5. . .L4v5 with detector weights chosen to create SSRv5 auxiliary ("aux") g(λ) that mimic each new i(λ) ( Table 1 ). Figure 16 compares to each new spectral irradiance n the corresponding SSRv6 n and SSRv5 n aux spectral responses. For each i(λ) other than AM1DH, the band power fractions of the SSRv6 g(λ) match those of the corresponding i(λ) to within an absolute error not exceeding 2.3%, and typically closer to 1%.
Again excluding AM1DH, the matches offered by the SSRv5 auxiliary g(λ) are looser, with band power fraction absolute errors as large as 5.8%. Version 6 can match these six irradiances more closely than can version 5 because it has both a new IR filter and a pair of virtual detectors with which to shape its aggregate responses. Neither SSRv6 nor SSRv5 auxiliary offers a particularly tight match to AM1DH because the shape of the AM1DH i(λ) differs from those of the other six irradiances (Figure 17) .
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The g(λ) of each emulation SSRv6 V5AM0, SSRv6 V5AM1, SSRv6 V5AM1.5 and SSRv6 V5AM2
closely matches that of its corresponding SSRv5 g(λ), with band power absolute errors not exceeding 1.2% (Figure 16 ). The greatest differences are in the B4 band (900 -1400 nm), where the replacement of the IR filter has changed the shape of the L1 spectral response. We recommend using version 6 of the SSR to accurately estimate R * g,0 to within about ±0.01.
However, if only version 5 is available, the auxiliary solar reflectance SSRv5 AM1GH aux can be used to estimate R * g,0 to within about -0.03 to +0.01. As noted in the previous section, R * g,0 will underestimate R g,0 by no more than 0.006.
Conclusions
AM1GH solar reflectance R g,0 can be measured with a conventional pyranometer method (ASTM E1918), an alternative pyranometer method (non-ASTM method E1918A), a solar spectrophotometer (non-ASTM method E903G) or a Solar Spectrum Reflectometer (variant on ASTM C1549).
Under ideal conditions, the conventional pyranometer method can determine R g,0 of a low sloped surface (pitch ≤ 2:12 [9. In press at Progress in Solar Energy 24/33 April 28, 2010 In press at Progress In press at Progress in Solar Energy 29/33 April 28, 2010 In press at Progress in Solar Energy 31/33 April 28, 2010 (g) Figure 19 : continued.
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